CbbR is a LysR-type transcriptional regulator that activates expression of the operons containing (cbb) genes that encode the CO 2 fixation pathway enzymes in Ralstonia eutropha (Cupriavidus necator) under autotrophic growth conditions. The cbb operons are stringently downregulated during chemoheterotrophic growth on organic acids such as malate. CbbR constitutive proteins (CbbR*s), typically with single amino acid substitutions, were selected and isolated that activate expression of the cbb operons under chemoheterotrophic growth conditions. A large set of CbbR * s from all major domains of the CbbR molecule were identified, except for the DNA-binding domain. The level of gene expression conferred for many of these CbbR * s under autotrophic growth was greater than that conferred by wild-type CbbR. Several of these CbbR * s increase transcription two-to threefold more than wild-type CbbR. One particular CbbR*, a truncated protein, was useful in identifying the regions of CbbR that are necessary for transcriptional activation and, by logical extension, necessary for interaction with RNA polymerase. The reductive assimilation of carbon via CO 2 fixation is an important step in the cost-effective production of useful biological compounds. Enhancing CO 2 fixation in Ralstonia eutropha through greater transcriptional activation of the cbb operons could prove advantageous, and the use of CbbR * s is one way to enhance product formation.
INTRODUCTION
Ralstonia eutropha (Cupriavidus necator) fixes CO 2 via the Calvin-Benson-Bassham (CBB) pathway under aerobic chemolithoautotrophic or chemo-organoautotrophic growth conditions, using either hydrogen or formate, respectively, as the energy source (Friedrich et al., 1979) . Total repression of CO 2 fixation and cbb gene expression is accomplished by chemoheterotrophic growth on organic acids such as succinate, pyruvate or malate , while partial or slight repression is achieved when the organism is grown on sugars such as fructose or gluconate (Bowien et al., 1984; Windhövel & Bowien, 1990) . The cbb genes that encode the CBB pathway enzymes for CO 2 assimilation are contained within two mostly identical operons; based on their nucleotide sequence identity, the operons apparently arose from a duplication event Windhövel & Bowien, 1990) . One cbb operon is located on chromosome 2 while the other cbb operon is found on the extrachromosomal 450 kb megaplasmid (pGH1) of this organism . Each cbb operon encodes genes capable of expressing nearly all the enzymes necessary for CO 2 fixation, with the chromosomal copy containing an additional gene (cbbB) at the 39 end (Bowien & Kusian, 2002) . Significantly, each cbb operon contains cbbL and cbbS genes, encoding form I ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), the major and rate-limiting enzyme of the CBB pathway. Because Ralstonia eutropha is a useful industrial organism and may be employed for several interesting applications (Voss & Steinbüchel, 2006) it is paramount that one understands how to manipulate the ability of Ralstonia eutropha to regulate the assimilation of CO 2 for subsequent conversion of this gas to useful products.
Ralstonia eutropha cbb gene transcription obligatorily requires the transcriptional regulator protein, CbbR, a LysR-type transcriptional regulator (LTTR) family member, whose gene is located immediately 59 to the chromosomal cbb operon, but is orientated in the opposite direction, typical of many LTTRs (Windhövel & Bowien, 1991) . The megaplasmid copy of cbbR is a pseudogene due to a 28 bp deletion within the ORF, and thus expression of both cbb operons is controlled by the product of the single chromosomal cbbR gene (Windhövel & Bowien 1991) , as in several other phototrophic and chemoautotrophic bacteria (Gibson & Tabita, 1993; Lee et al., 2009; Romagnoli & Tabita, 2006; Viale et al., 1991) . CbbR binds to specific regions on both cbb promoters, as indicated by DNase I footprinting . Like most LTTRs, CbbR binds to two adjacent sites on the cbb promoter as a dimer of a dimer (tetramer), called the R-site (recognition site) and the A-site (activation site) in Ralstonia eutropha . These DNA binding sites span from 280 to 226 bp upstream of the transcriptional start for the chromosomal cbb operon .
The amino acid identity between LTTR family members is not great, yet the overall structure and conformation between LTTRs are quite conserved (Monferrer et al., 2010; Muraoka et al., 2003; Sainsbury et al., 2009; Taylor et al., 2012; Zhou et al., 2010) . The major domains of LTTR proteins consist of a DNA-binding domain (DBD) (a winged helix-turn-helix) near the N terminus; a linker helix connects the DBD to the rest of the protein and recognition domains I and II (RD-I and RD-II), which forms the last two-thirds of the molecule. Most LTTRs bind a co-inducer (effector) molecule that allows the LTTR to regulate transcription positively or negatively (Maddocks & Oyston, 2008; Schell, 1993) . Many of these effector molecules are metabolic intermediates in the enzymic pathway encoded by genes of the operon that the LTTR regulates (Maddocks & Oyston, 2008; Schell, 1993) . Typically, effector binding to the LTTR tetramer changes the bend angle of the DNA backbone produced by the LTTR bound to the promoter, thus modifying how the LTTR contacts RNA polymerase. Subsequently, in most cases transcription is activated after these events take place (Schell, 1993) . As a result of mutational analyses and structural studies, the region of the effector pocket in the LTTR molecule has been defined as a small cleft formed at the interface between RD-I and RD-II (Balcewich et al., 2010; Burn et al., 1989; Cebolla et al., 1997; Choi et al., 2001; Dangel et al., 2005; Ezezika et al., 2007; Hayes et al., 2014; Jørgen-sen & Dandanell, 1999; Smirnova et al., 2004; Stec et al., 2006; Tyrrell et al., 1997; Zhou et al., 2010) . With respect to Ralstonia eutropha CbbR, phosphoenolpyruvate (PEP) has been shown to be a negative effector, causing downregulation of cbb transcription (Grzeszik et al., 2000) , while other metabolic intermediates were shown not to affect CbbR function. Ribulose 1,5-bisphosphate (RuBP) is a positive effector for CbbR from Rhodobacter sphaeroides (Dangel et al., 2005; Smith & Tabita, 2002) , and this and other effector molecules positively influence CbbRs from Rhodobacter capsulatus, Rhodopseudomonas palustris, Xanthobacter flavus, Hydrogenophilus thermoluteolus and Cyanidioschyzon merolae (the last named being a red alga encoding a CbbR homologue in chloroplasts) (Dubbs et al., 2004; Joshi et al., 2012 Joshi et al., , 2013 Minoda et al., 2010; Terazono et al., 2001; van Keulen et al., 1998 van Keulen et al., , 2003 . In the current study, the role of potential positive effectors was examined with wild-type and mutated CbbR molecules from Ralstonia eutropha. Such studies provide a framework towards understanding the structural basis for potentially enhancing CbbR's ability to influence expression of CO 2 fixation genes.
With regard to structure-function-based studies, investigations have delineated amino acid residue alterations of LTTR proteins that lead to constitutive expression of the operon that is regulated (Akakura & Winans, 2002; Belitsky & Sonenshein, 1997; Bykowski et al., 2002; Cebolla et al., 1997; Dangel et al., 2005; Hou et al., 2009; Jørgensen & Dandanell, 1999; Lochowska et al., 2001) . LTTR constitutive activity (LTTR * ) can be defined as activation of gene expression under growth conditions where gene transcription is normally repressed, typically in the absence of the LTTR's effector. Residue changes that confer constitutive gene expression appear to be specific for each LTTR family member. Many of these amino acid substitutions are centred around the effector pocket, but substitutions in other areas of the LTTR can generate constitutive activity, such as the linker helix, hinge residues, the oligomerization region in RD-II, and residues throughout RD-I and RD-II (Akakura & Winans, 2002; Bartowsky & Normark, 1991; Belitsky & Sonenshein, 1997; Burn et al., 1989; Bykowski et al., 2002; Cebolla et al., 1997; Colyer & Kredich, 1994; Dangel et al., 2005; Hou et al., 2009; Jørgen-sen & Dandanell, 1999; Kullik et al., 1995; Lochowska et al., 2001) . Generating LTTR * s from amino acid substitutions in the DBD is rare (Akakura & Winans, 2002) . In this study, a large set of point mutations in cbbR that conferred constitutive transcriptional activity to Ralstonia eutropha CbbR (CbbR * ) were selected and then identified via DNA sequencing. In addition, regions of the CbbR protein that are absolutely necessary or not required for transcriptional activation of the cbb operons were identified.
METHODS
Strains, growth conditions and parental matings. Bacterial strains and plasmids are described in Table 1 . Ralstonia eutropha strains were grown under heterotrophic conditions in Ormerod's medium supplemented with 0.4 % malate at 30 uC with shaking in the dark (Ormerod et al., 1961) . For chemoautotrophic conditions, strains were grown in 17 ml of Ormerod's minimal medium and bubbled with 5 % CO 2 , 50 % air (10.5 % O 2 ), 45 % H 2 . Antibiotics were added as required at the following concentrations (mg ml 21 ): for in solid media where appropriate. Mating of various broad-hostrange plasmids (in E. coli strain JM109) into Ralstonia eutropha strains was accomplished using a triparental mating strategy and the pRK2013 helper plasmid (Figurski & Helinski, 1979) . Alternatively, a diparental mating strategy was employed, using the E. coli SM10 strain containing the broad-host-range plasmids of interest for mobilization into R. eutropha strains.
Construction of cbbR plasmids, cbb promoter plasmids and truncated cbbR ORF constructs. A complete list of plasmid descriptions is presented in Table 1 . A list of oligonucleotides used for amplification of the Ralstonia eutropha cbbR ORF (pUC222), the cbbR ORF including the cbbR promoter and 39 untranslated region (UTR) (pUC226), the cbb chromosomal promoter (pUC224) and cbbR truncation constructs is given in Table S1 (available in the online Supplementary Material). All cbbR and cbb (promoter and 59 end of the cbbL gene) PCR products were amplified from strain H16 genomic DNA. Plasmid pUC226 was linearized by Eco RI digestion and ligated into Eco RI-digested pVK101 to create plasmid pVK226. Plasmid pUC222 was used to amplify the cbbR ORF and ligate the PCR product into the Nhe I/Eco RI double-digested pET28a vector to create plasmid pET28a-CbbRwt. A truncated cbbR ORF (residues 1-96) including the cbbR promoter and the cbbR 39 UTR was constructed (from pUC226) by inserting a new TGA stop codon immediately after codon 96 and adding Nhe I sites immediately after the new stop codon and immediately after the original stop codon in the full-length cbbR gene, followed by digestion with Nhe I and subsequent re-ligation. This created a truncated cbbR ORF that is directly followed by the wild-type 39 UTR, designated pUC226-Q97trun-cation. Plasmid pU226-Q97truncation was linearized by Eco RI digestion and ligated into Eco RI-digested pVK101, and designated pVK226-Q97truncation for complementation of strain 76-cbb/lacZ. A truncated cbbR ORF, containing nucleotides encoding residues 1-96, was amplified from pUC226 and ligated into Nhe I/Eco RI doubledigested pET28a to create plasmid pET28a-Q97trunc for overexpression and isolation of the CbbR*/Q97trunc protein in E. coli.
Generation of a cbbR deletion strain and a cbb promoter/ lacZYA reporter strain for the identification of CbbR*s. For partial deletion of the cbbR gene in strain H16, a strain that contains the cbbR ORF deleted for nucleotides that encode amino acid residues 49-177 was created. First, a PCR product (amplified from pUC226) containing the cbbR ORF plus 331 bp upstream and 383 bp downstream of the cbbR ORF was ligated into pUC19 at the Xba I site.
A new Sac II site was created at codon 49 of the cbbR ORF (an additional Sac II site occurs naturally at codon 177); subsequent digestion with Sac II and re-ligation produced a cbbR deletion mutant construct that was ligated into the Xba I-digested suicide vector, pJQSM2 (a kind gift from Birgit Alber and Micheal Carter), and was designated pJQ/RKO. Plasmid pJQ/RKO was successfully used to replace the full-length cbbR gene in wild-type strain H16 with the partially deleted cbbR gene, designated strain 76.
To construct a reporter strain for the identification of CbbR*s, a 225 bp PCR-amplified fragment containing the cbb promoter from the chromosomal copy in strain H16, including the first 19 bp of the ORF of cbbL, was ligated into pMCC1403 at the Eco RI/Bam HI site. This places the cbb promoter/cbbL (first 19 bp) in-frame and upstream of the lacZYA operon contained in pMCC1403, designated plasmid pMCCcbb/lacZ. This construct was subsequently ligated into pJQ/RKO, which had been modified by destroying the original Eco RI site, subsequently creating a new Eco RI site just 39 to the cbbR deletion to accommodate the linearized pMCCcbb/lacZ, leaving 610 and 838 bp of homology with chromosomal DNA on either side of the entire reporter gene construct (designated plasmid pJQ/RKOpMCCcbb/lacZ) for recombination at the deleted cbbR locus in strain 76. The reporter strain was designated strain 76-cbb/lacZ.
Site-directed mutagenesis of the cbbR ORF. Specific nucleotide changes to create or destroy endonuclease restriction sites, to create stop codons or to produce specific single amino acid substitutions in the ORF of cbbR were performed using an Aligent Technologies QuikChange kit. A list of oligonucleotides used to create these nucleotide changes is provided (Table S2) .
Random chemical mutagenesis to generate CbbR*s. Chemical mutagenesis of Ralstonia eutropha cbbR was accomplished by treatment of E. coli strain JM109 containing plasmid pVK226 with N-methyl-N9-nitro-N-nitrosoguanidine (MNNG) (Akakura & Winans, 2002; Miller, 1992) . The protocol for chemical mutagenesis and identification of CbbR*s in reporter strain 76-cbb/lacZ was as previously described (Dangel et al., 2005) , with the following modifications: JM109 cells containing pVK226 were grown to an optical density of 0.7 at 600 nm (OD 600 ), washed and resuspended in 0.1 M citrate buffer, pH 5.5, with MNNG added to a final concentration of 200 mg ml 21 . This cell suspension was incubated at 30 uC for 30-45 min. Cells were then washed in 0.1 M phosphate buffer, pH 7.0, and grown for 1 h in Luria-Bertani medium containing tetracycline. Subsequently, the treated cells were used as donors in triparental matings with Ralstonia eutropha strain 76-cbb/lacZ. Colonies that were spectinomycin-and tetracycline-resistant and appeared blue (X-Gal in solid medium) after chemoheterotrophic growth were selected for further analysis.
Synthesis and purification of CbbR and altered CbbRs. CbbR proteins, including wild-type CbbR, residue-substituted CbbRs and CbbR truncations, were synthesized in E. coli and recombinant his-tagged proteins were purified as previously described (Dangel & Tabita, 2009 ).
Gel mobility shift assays. Gel mobility shift assays were performed as previously described (Dangel et al., 2005) . 32 P-labelled probes used in the gel mobility shift assays were amplified from pUC224 (for probe-1) or from pUC12EH (for the negative control probe). A list of oligonucleotides used to generate the DNA for probe-1 and the negative control probe is provided (Table S3 ).
RuBisCO and b-galactosidase assays. For chemoheterotrophic and chemoautotrophic cultures, cells were grown to an OD 600 of 1.4, subjected to centrifugation at 4 uC, resuspended in sonication buffer [25 mM Tris/HCl (pH 8.0), 1 mM EDTA, 10 mM MgCl 2 , 5 mM b-mercaptoethanol, 1 mM NaHCO 3 ], and sonicated for 2 min on ice. Lysates were subjected to centrifugation at 4 uC, and the resulting supernatant was used in radiometric RuBisCO and spectrophotometric b-galactosidase assays as previously described (Falcone et al., 1988; Dubbs & Tabita, 1998) . RuBisCO assays were performed with 14 C-labelled bicarbonate and quantified via the formation of acid-stable and labelled 3-phosphoglyceric acid.
RESULTS AND DISCUSSION

Selection and isolation of constitutively active CbbR molecules
A strategy was developed to isolate CbbR proteins (CbbR * ) that allow for high-level cbb gene expression even under growth conditions that normally favour repression. In general, deletion strains have proven useful for the construction of reporter strains to facilitate selection of desired mutants of the gene that was originally deleted (Akakura & Winans, 2002; Belitsky & Sonenshein, 1997; Bykowski et al., 2002; Cebolla et al., 1997; Kullik et al., 1995; Lochowska et al., 2001) . For these studies a lacZ reporter strain was constructed in Ralstonia eutropha cbbR deletion strain 76 via the integration of a lacZYA ORF driven by the chromosomal copy of the cbb promoter. This construct provided the means to select for CbbR * s generated after random chemical mutagenesis, as described in Methods. The cbb promoter/lacZYA fusion reporter gene contained in the pJQ/RKO suicide vector (see Methods) was integrated into the partially deleted cbbR locus of strain 76, and maintained as a linearized vector after a single recombination event by selective pressure using spectinomycin (700 mg ml
21
). The newly generated reporter strain, 76-cbb/lacZ, like strain 76, cannot grow chemoautotrophically but may be used to accept chemically mutagenized cbbR molecules contained on plasmid pVK226 (Fig. 1) . Transformed strains were subsequently plated on solid malate medium supplemented with X-Gal and grown chemoheterotrophically under repressive growth conditions to screen for blue colonies, for example strains that presumably possessed mutated cbbR genes that encoded CbbR * proteins (Fig. 1) . Blue colonies were picked; the pVK226 plasmid was isolated and retransformed into E. coli for sequencing. Alternatively, isolated pVK226 (containing Ralstonia eutropha DNA) was used to PCR amplify the mutated ORF of cbbR * . In all cases, the cbbR * ORF and the cbbR promoter region were sequenced using several internal oligonucleotides to screen for mutations that might potentially cause amino acid substitutions that result in CbbR * activity; no mutations in the cbbR promoter region were found in any cbbR genes from blue colonies, and mutations in the ORF of cbbR were always found in blue colonies.
Amino acid substitutions in the Ralstonia eutropha CbbR protein that confer constitutive activity
For the case of CbbR and the cbb operons, constitutively active CbbR * proteins are defined as altered (amino acid substitutions) CbbR molecules that activate expression of the cbb promoter under growth conditions that normally result in cbb gene repression, such as chemoheterotrophic growth on malate. Twenty-four unique CbbR * s were isolated either as a single residue change, or as a combination of two or three residue changes (Table 2) . One particular CbbR * resulted from the introduction of a stop codon, Q97stop, producing a CbbR * that is one-third the length of wild-type CbbR (Table 2) . Amino acid substitutions contributing to constitutive activity can be found in every region of the CbbR protein except for the DBD. A 3D ribbon model of the Ralstonia eutropha CbbR monomer illustrating the position of each constitutive amino acid substitution, based on the crystal structure of the related LTTR family member CbnR (Muraoka et al., 2003) , is shown (Fig. 2) . Many of the amino acid substitutions cluster relatively near the effector pocket (the cleft formed between RD-I and RD-II), including S106N, P113L, A117V, D144N, D148N, A167V, G205D/S, T208I, P221S, T226I, G228D, T232A/I and H249Y. Several substitutions are located in the linker helix, L79F, G80D, D84N and E87K, yet none was found in the DBD region. Amino acid substitution P286S is located at the C terminus, which is typically a region of low conservation in LTTRs, although this particular proline is conserved among CbbRs from other species. Although some of the isolated constitutive CbbR * proteins were altered at conserved residues, a conserved site does not appear to be a criterion for a mutational event that confers constitutive activity. Some of the constitutive amino acid substitutions may produce constitutive activity not as a direct effect on the effector pocket, but possibly by influencing dimer and tetramer formation resulting in modified CbbR/DNA complex conformations that interact with RNA polymerase leading to constitutive activity. Subtle conformational changes appear to be enough to result in constitutive activity for many members of the LTTR family, and single amino acid substitutions are the norm for constitutive proteins (Akakura & Winans, 2002; Bartowsky & Normark, 1991; Belitsky & Sonenshein, 1997; Burn et al., 1989; Bykowski et al., 2002; Cebolla et al., 1997; Colyer & Kredich, 1994; Dangel et al., 2005; Jørgensen & Dandanell, 1999; Kullik et al., 1995; Lochowska et al., 2001) , suggesting that the LTTR and RNA polymerase are continually in contact and only slight changes in LTTR conformation are necessary for transcriptional activation. Indeed, almost no discernible structural differences can be observed between wild-type BenM and two constitutive BenM proteins using X-ray crystallography (Ruangprasert et al., 2010) , and only slight conformational alterations are detected when AmpR binds its co-repressor (effector) under lowangle X-ray scattering analysis (Vadlamani et al., 2015) . The number and location of LTTR constitutive amino acid substitutions suggest that an almost limitless quantity of substitutions can result in constitutive activity.
To quantify the ability of CbbR * s to influence gene expression controlled by two native full-length cbb promoters, RuBisCO (CbbLS) activity levels were monitored; RubisCO is the key enzyme derived from the cbb operons and assays of its activity have proven to provide a highly sensitive and reproducible method to monitor gene expression (Gibson & Tabita, 1977) . In addition, b-galactosidase (lacZ) activity assays were also performed as a measure of reporter gene activity. In all cases, lysates from strain 76-cbb/lacZ constructs containing cbbR * s on plasmid pVK226 were used for these assays. Both RuBisCO and b-galactosidase levels were determined for all CbbR * s in strain 76-cbb/lacZ under chemoheterotrophic and chemoautotrophic growth conditions (Table 2) . For these experiments, the wild-type cbbR genes on plasmid pVK226 in strain 76-cbb/lacZ and wild-type strain H16 served as controls relative to the cbbR * genes (Table 2) .
Clearly, the level of activity conferred by each CbbR * varied greatly under both repressive (chemoheterotrophic) growth and inductive (chemoautotrophic) growth conditions. The RuBisCO and b-galactosidase activity levels were basically proportional to each other for each CbbR * as cbbL/cbbS and lacZYA are driven by the same cbb promoter. In addition, it was observed that relatively high (or low) activity for any CbbR * under chemoheterotrophic growth conditions does not necessarily indicate that the same CbbR * will produce relatively high (or low) activity under chemoautotrophic growth conditions. Some examples include L79F, Q97stop, A117V, G125D, G205D/R283H, H249Y and P286S. Examples of CbbR * s that elicit relatively low activity for both chemoheterotrophic and chemoautotrophic growth conditions are P133L, G205D, G205S and T232I. Examples of CbbR * s that confer relatively high activity for both chemoheterotrophic and chemoautotrophic growth include G80D/S106N/G261E, D84N/G228D, E87K, D144N and A167V. An observation of particular note is that even though these CbbR * s were selected by activating cbb expression under repressive conditions (where wildtype CbbR does not have the ability to positively activate gene expression), many of the CbbR * s elicit significantly higher activity levels than wild-type CbbR under permissive (chemoautotrophic) growth conditions. CbbR * s that result in at least 50 % greater RuBisCO and b-galactosidase activities than the wild-type CbbR protein after chemoautotrophic growth include L79F, G80D/S106N/G261E, D84N/ G228D, E87K, A117V, G125D, G125S/V265M, D144N, D148N, A167V, T208I/T226I, H249Y and P286S; several of these CbbR * s activate expression two-to threefold more than wild-type CbbR under chemoautotrophic growth conditions (Table 2) . Three of the cbbR * s, D144N, A167V and H249Y, were integrated into the chromosome and replaced wild-type cbbR in strain H16. The resulting RuBisCO activity levels were similar to those obtained with the same CbbR * s on extrachromosomal plasmids (Table 2 ). This analysis illustrates that mutations in the pVK226 backbone did not contribute to enhanced RuBisCO activity, and that mutations in the ORF of cbbR * s are solely responsible for both constitutive activity and elevated RuBisCO activities.
There are several potential explanations as to why many of the CbbR * molecules conferred an enhanced capacity to positively influence cbb gene expression relative to wildtype CbbR. Perhaps an altered conformation of CbbR * increases the stability of the interaction between RNA polymerase and CbbR * , leading to more transcription, or the CbbR * interacts with a different region of RNA polymerase stimulating greater transcription. Modified CbbR * conformations could also lead to stronger or more stable promoter DNA binding and subsequently to more productive interactions with RNA polymerase. The constitutive amino acid substitutions in the linker helix may also contribute to improved DNA stability, as it has been demonstrated through deletion studies that the linker helix of the CbbR from Rhodobacter sphaeroides is necessary for DNA binding (Dangel et al., 2014) . Many amino acid substitutions that cause enhanced CbbR * activity are near the effector pocket. This might result in enhanced affinity for the effector and subsequent greater transcription. Alternatively, some substitutions near the effector pocket may change the conformation of the effector pocket so as to mimic an effector pocket that is occupied by the effector, allowing continuous expression of the cbb operon.
A truncated CbbR protein containing only the DBD and linker helix possesses constitutive activity and supports chemoautotrophic growth in Ralstonia eutropha
One of the CbbR * s of particular interest that was generated resulted in a mutation that led to a stop codon at residue 97, Q97stop. This alteration produced a truncated CbbR molecule containing only the first 96 residues of CbbR, forming the DBD and the linker helix ( Fig. 2 and Table 2 ). Several observations indicated that Q97stop possessed constitutive CbbR * activity. First, under chemoheterotrophic growth conditions, the truncated CbbR consisting of only the DBD and the linker helix was sufficient to activate the cbb promoter, and the activity of Q97stop under chemoheterotrophic growth was relatively strong (Table 2) . Second, RD-I and RD-II (comprising the effector pocket) (Fig. 2) were obviously not necessary to activate expression of the cbb operons as these regions were nonexistent in Q97stop. Third, activation of expression of the cbb promoter by the truncated CbbR * strongly suggested that the DBD and/or the linker helix of CbbR in Ralstonia eutropha interacted with RNA polymerase to activate cbb transcription. Fourth, even under chemoautotrophic conditions, Q97stop activated the cbb operons and supported growth (Figs 2 and 3 and Table 2 ). Fifth, chemoautotrophic growth proceeded with a longer lag time for Q97stop relative to wild-type CbbR (Fig. 3) , and its ability to activate the cbb promoter under chemoautotrophic conditions was the weakest, except for the RuBisCO activity levels conferred by G205D (Table 3) . This led to the conclusion that even though the truncated CbbR * was sufficient to activate transcription of the cbb genes, the absence of RD-I and RD-II and the inability to use effectors certainly produced a truncated CbbR * with reduced activity. For optimal activation of the cbb operons, the presence of RD-I and RD-II, and presumably the binding of effectors are necessary. Finally, reduced binding stability (or affinity) of Q97stop on the cbb promoter relative to wild-type CbbR may account for the lower RuBisCO and b-galactosidase levels observed in Table 3 .
The NAC (nitrogen assimilation control) protein, another member of the LTTR family, can also activate transcription via a truncated NAC consisting of only the DBD and the linker helix, containing the first 100 residues (Muse & Bender, 1999) . NAC activates expression of the hutUH, putP and ureDABCEFG operons under nitrogen-limiting conditions in the enteric bacteria Klebsiella aerogenes and E. coli (Bender, 1991) . NAC is unusual in that it has no known effectors and if the nac gene is expressed, then NAC will be translated and regulate the operons under its control (Schwacha & Bender, 1993) . By definition, both the wild-type NAC and the truncated NAC proteins are constitutive as they activate expression of hut, puc and ure just by being present. Truncated NAC also has all the known properties of full-length NAC (Muse & Bender, 1999) . Although it is a different member of the LTTR family, the NAC DBD/linker helix truncation has activity, but a similar truncation in the CbbR of Rhodobacter sphaeroides does not have CbbR * activity and cannot support autotrophic growth in vivo (Dangel et al., 2014) . This is quite distinct from the situation in the related cbb regulon system of Ralstonia eutropha, although in vitro studies indicate that the DBD/ linker helix CbbR truncation of Rhodobacter sphaeroides does bind its cbb I promoter (Dangel et al., 2014) . Possibly, the truncated CbbR of Rhodobacter sphaeroides has no in vivo activity because cbb expression in Rhodobacter sphaeroides is complicated by the fact that CbbR must also bind the response regulator RegA (Dangel & Tabita, 2009 ).
To eliminate the possibility that the Q97stop transcript of Ralstonia eutropha could read through the UAG stop codon in the ORF of cbbR and translate a full-length CbbR that produced constitutive activity (thus allowing activation of the cbb promoter in the 76-cbb/lacZ strain), a second gene construct was made. This construct consisted only of the truncated ORF (ending with UAG at residue 97) that leads directly into the 39 UTR of cbbR. This new construct, denoted pVK226-Q97truncation, was mated into strain 76-cbb/lacZ and demonstrated CbbR * activity under chemoheterotrophic growth conditions, and also supported growth under chemoautotrophic conditions (Table 3 ). This proves that the Q97truncation was solely responsible for both CbbR * activity and chemoautotrophic growth. At this juncture it would be difficult to determine the significance, if any, of the reduced RuBisCO and b-galactosidase activity observed for Q97truncation relative to Q97stop.
CbbR * /Q97trunc has DNA binding activity in vitro
To determine if the Q97stop CbbR * protein has DNA binding activity in vitro, the truncated ORF (encoding the first 96 aa) consisting of the DBD and the linker helix was ligated into the pET28a vector for overexpression in E. coli and isolation of the truncated CbbR protein via histagged purification. The purified truncated CbbR protein, denoted CbbR * /Q97trunc, as well as wild-type CbbR, was used in gel mobility shift assays to assess the truncated CbbR for DNA binding function. A 236 bp cbb (chromosomal) promoter DNA fragment, containing the CbbR binding site, was labelled with 32 P a-CTP and used as a probe for these studies (Fig. 4) . CbbR * /Q97trunc bound to probe-1, but the binding characteristic was altered compared with wild-type CbbR (Fig. 4a) . CbbR * /Q97trunc bound all the probe in a specific manner, yet more protein bound to the DNA probe as the concentration of CbbR * / Q97trunc increased, generating larger protein/DNA complexes with lower mobilities (Fig. 4a, lanes 1-7) . This characteristic is similar to the way RegA of Rhodobacter sphaeroides binds the cbb I promoter DNA (Dangel & Tabita, 2009) , and probably suggests oligomerization of the truncated CbbR protein. Wild-type CbbR did not oligomerize (Fig. 4a, lanes 8 and 9) . CbbR * /Q97trunc did not bind a negative control DNA fragment similar in size to probe-1, demonstrating that CbbR * /Q97trunc binding to the Ralstonia eutropha cbb promoter was specific (Fig. 4b, lanes 1-5) . Wild-type CbbR did not bind the negative control probe as well (Fig. 4b, lane 6) . The negative control probe was a 222 bp DNA fragment amplified from the cbbR ORF of Rhodobacter sphaeroides, illustrating that CbbR * /Q97trunc will not bind non-specifically to any DNA fragment. An additional gel mobility shift was performed with probe-1, indicating that the presence of possible effector metabolites [RuBP, PEP, ATP, NADPH and Ru5P (ribulose 5-phosphate)] did not influence the DNA binding of CbbR * /Q97trunc, while these metabolites did affect wild-type CbbR (Fig. 5, Table 4 ). Neither the affinity of CbbR * /Q97trunc for probe-1 nor the mobility of the CbbR/DNA complex was affected by these metabolites (Fig. S1 ). These results were not unexpected as CbbR * / Q97trunc does not possess an effector pocket formed by RD-I and RD-II.
The absence of the RD-I and RD-II regions of the CbbR protein in CbbR * /Q97trunc led to this aberrant DNA binding characteristic (Fig. 4a) . Presumably, full-length CbbR allows for a one-to-one binding ratio of CbbR to DNA, thus preventing additional binding of CbbR molecules to the DNA (Fig. 4a, lanes 8 and 9) . LTTRs need to be in at least the dimeric state to bind DNA (Maddocks & Oyston, 2008; Monferrer et al., 2010; Muraoka et al., 2003; Ruangprasert et al., 2010; Sainsbury et al., 2009; Taylor et al., 2012; Zhou et al., 2010) . The truncated CbbR is probably prevented from forming a tetramer (as with wild-type CbbR) due to the absence of RD-I and RD-II, which contain regions for dimer and tetramer formation. This may lead to oligomerization, similar to RegA, as RegA binds DNA as a dimer (Laguri et al., 2006) . All LTTRs bind DNA as tetramers and no wildtype LTTR has been shown to oligomerize to DNA, with only one known exception, where CrgA was shown to bind DNA as an octamer (Sainsbury et al., 2009) . As other LTTR members have DBD/linker helix truncations that function in vivo, i.e. NAC, this aberrant DNA binding may be a phenomenon that is common among truncated LTTRs. Indeed, the CbbR DBD/linker helix truncation of Rhodobacter sphaeroides also has DNA binding function in vitro (Dangel et al., 2014) , but the same study also demonstrated that the ability to bind DNA is dependent on the presence of the linker helix, as the DBD alone will not bind DNA in gel mobility shift assays. It appears that the linker helix provides stability necessary for DNA binding of the truncated LTTR, probably through coil-coil interaction of the linker helices. Studies have shown that longer helices interact through coil-coil conformations generating the stability needed for higher ordered states and subsequent DNA binding, including 3D crystallographic analyses of LTTRs (Batchelor et al., 2013; Monferrer et al., 2010; Muraoka et al., 2003; Ruangprasert et al., 2010; Sainsbury et al., 2009; Taylor et al., 2012; Zhou et al., 2010) .
Specificity of amino acid substitutions that confer constitutive activity in CbbR proteins
From the random mutagenesis and selection studies with Ralstonia eutropha CbbR, it was striking that conserved residues that had been previously found to confer constitutive activity of Rhodobacter sphaeroides CbbR (G99R, R136C, R155H and R274Q) (Dangel et al., 2005) were not selected, yet the overall regulation scheme appeared to be quite similar in both organisms. Thus, to investigate whether the Rhodobacter sphaeroides CbbR substitutions might cause constitutive activity in the related CbbR protein of Ralstonia eutropha, the equivalent residue substitutions (G98R, R135C, R154H and R272Q) were constructed in the CbbR protein of Ralstonia eutropha via site-directed mutagenesis. A 1834 bp fragment containing the cbbR promoter region, ORF and its 39 UTR from Ralstonia eutropha was amplified by PCR and ligated into pUC19 (designated pUC226) for site-directed mutagenesis and subsequent ligation into pVK101, designated pVK226, for mating into strain 76. Strain 76 is a cbbR deletion strain (derived from wild-type strain H16) that does not grow chemoautotrophically due to partial deletion of the cbbR ORF. Mutated CbbRs (G98R, R135C, R154H and R272Q) did not produce CbbR * activity in Ralstonia eutropha strain 76 by virtue of the fact that no RuBisCO activity was detected under chemoheterotrophic growth conditions, unlike CbbR * proteins selected via random mutagenesis (as shown in Table 2 ). Thus, it is apparent that the cbbL and cbbS genes contained within the cbb operons were not expressed in strain 76 complemented with any of the site-directed mutant cbbRs. In addition, all four cbbR mutants did support chemoautotrophic growth in strain 76, yielding RuBisCO-specific activities comparable to or slightly less than wild-type strain H16 or strain 76 complemented with wild-type cbbR (data not shown). Based on these initial results, it is apparent that these Rhodobacter sphaeroides residue-based substitutions did not influence CbbR-mediated cbb transcription in Ralstonia eutropha or confer CbbR * -like constitutive activity as in Rhodobacter sphaeroides. Moreover, these residue substitutions did not enhance cbb transcription under autotrophic growth conditions as in Rhodobacter sphaeroides (Dangel et al., 2005) .
The inability of the Rhodobacter sphaeroides-specific substitutions to influence in vivo gene expression prompted further studies of the potential role of these altered proteins in vitro. Specifically, to determine the effect these amino acid substitutions have on the effector pocket while CbbR is bound to the cbb promoter, the ORFs of cbbR sitedirected mutants (G98R, R135C, R154H and R272Q) were ligated into the pET28a vector for subsequent overexpression in E. coli. Recombinant his-tagged CbbR altered proteins were isolated and purified. These preparations of purified proteins (including wild-type CbbR) were subsequently employed in gel mobility shift assays to assess their DNA binding capabilities. In addition, gel mobility was assessed in the presence of various potential effector metabolites, including PEP, RuBP, Ru5P, ATP, NADPH and FBP (fructose 1,6-bisphosphate), which are known to influence the binding of CbbR to specific promoter sequences in other systems (Dangel et al., 2005; Dubbs et al., 2004; Grzeszik et al., 2000; Joshi et al., 2012 Joshi et al., , 2013 Minoda et al., 2010; Smith & Tabita, 2002; Terazono et al., 2001; van Keulen et al., 1998 van Keulen et al., , 2003 . The same 236 bp cbb (chromosomal) promoter DNA fragment containing the CbbR binding site (probe-1) was used as a probe for all gel mobility shifts to determine binding of wild-type CbbR and altered CbbRs to the cbb promoter, and to quantify changes in CbbR affinity for the cbb promoter. Wild-type CbbR was used to bind probe-1 in the presence of RuBP, Ru5P, PEP, NADPH, ATP and FBP, and demonstrated an increase in DNA binding in the presence of RuBP, PEP and ATP with a very modest increase with NADPH, while DNA binding affinity remained unchanged in the presence of Ru5P and FBP ( Fig. 5a and Table 4) . Almost without exception, altered CbbR proteins G98R, R135C, R154H and R272Q demonstrated no enhancement of DNA binding in the presence of the metabolites that enhanced wild-type CbbR binding, namely PEP, RuBP and ATP (Fig. 5b-g and Table 4 ). The exception is protein G98R, which did show an increase in DNA binding in the presence of PEP, although this enhancement was reduced relative to wild-type CbbR (Fig. 5e and Table 4 ). Not surprisingly, this is not as proximal to the effector pocket as the other amino acid substitutions, and is located at the hinge point between the linker helix and RD-I (Fig. 2) . Several CbbR site-directed altered proteins displayed a reduction in DNA binding in the presence of metabolites relative to DNA binding in the absence of metabolite. These included R135C, R154H and R272Q with RuBP present, and R272Q with PEP present (Figs 1e, f and 5c and Table 4 ). Interestingly, the metabolites that have demonstrated effector function with both Ralstonia eutropha and Rhodobacter sphaeroides CbbR (Dangel et al., 2005; Grzeszik et al., 2000) , namely both PEP and RuBP, produced a reduction in DNA binding for most of these amino acid substitutions located near the effector pocket, indicating that the metabolite still enters the effector pocket, but with a negative effect on DNA binding. In summary, these observations suggested that the Rhodobacter sphaeroides-like site-directed altered proteins changed the conformation of the effector pocket, causing the effector metabolites to bind less effectively, or created an effector/ CbbR interaction that resulted in a decrease in DNA binding affinity, or at the very least did not allow for DNA binding enhancement.
CONCLUSION
The assimilation of CO 2 is a critical step for developing potential cost-effective syntheses of useful bio-products in Ralstonia eutropha. Enhanced CO 2 assimilation could prove to be important in the optimization of industrial applications by maximizing the availability of reduced carbon for the generation of biological compounds. Studies presented in this paper illustrate that CbbR (and LTTRs in general) can be modified to yield proteins that have enhanced transcriptional function and directly increase the quantity of RuBisCO available for CO 2 assimilation. The isolation of constitutive proteins is a gateway to the identification of CbbR * s that are several times more capable than wild-type CbbR for transcriptional activation of the CO 2 fixation operons under both autotrophic and heterotrophic growth conditions. Such CbbR * molecules can then be used as a starting point to further optimize their function. Additionally, a truncated CbbR * (Q97stop) isolated in this study proved useful in potentially determining what regions of the LTTR molecule make contact with RNA polymerase to activate gene expression. (Dangel et al., 2005) ] in the presence or absence of effector metabolites Relative quantities were based on band intensities obtained from gel mobility shift assays (Fig. 5) .
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